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The plates were normalised by heating at 900 deg. C. for 
}, 4 and | hour for }, and | in. thickness respectively 
followed by cooling im still air. Welding tests were made on 
the plate material after normalising and with the surfaces 
machined 


The are welding clectrodes used in the tests are given in 


Table Il 


lable Il 
B.E.A.M.A-LOW Type « Sizes Used 
Classificatior Coating 
E 217 Rutile 10, 8. 6 and 4 swe 
bE 317 Rutile basic lOand Ss we 


The elecirodes for all tests were baked at 110 deg. C. for a 
minimum time of one hour immediately prior to making 
the test welds. This treatment was carried out in order to 
ensure that the moisture content (potential hydrogen) of 
each type of electrode was maintained at a constant low value 


INVESTIGATIONS WITH RESTRAINED TESTS Al 
PRESENT IN USE 


Modified Full Reeve Test 

The Reeve test was tirst modified by Dearden and O'Neill 
to incorporate two test welds instead of one. This modification 
was used because it effected a considerable economy in 
material. The test consisted of two plates of the steel under 
test bolted to a 2] in. thick mild steel base plate. The top 
plate was 6 in. sq. and the bottom plate 12 by 7 in., both 
plates being of | in. thick material. A diagram of the test 
assembly is shown in Fig. 1. The contact surfaces between 
all the plates were surface ground in order to ensure good 
thermal contact which would give uniform heat flow condi 
tions in all tests. The edges of the top plate were machined 

The test plates were tightly bolted using { in. diameter 
mild steel bolts to a 16 by 12 by 2} in. base plate which 
could be tilted at an angle of up to 45 deg. to the horizontal 
Anchor welds were made on two opposite sides of the top 
plate as indicated in Fig. 1. Each anchor weld consisted 
of three runs made in the horizontal position using a 6 s.w.g 
class E.217 electrode and a welding current of 210 amp 
The plates were then allowed to cool to room temperature, 
the clamping bolts tested and any slackness taken up 

The test assembly was then tilted to an angle of 45 deg 
to the horizontal in one direction for the first test weld 
and in the other direction for the second test weld 
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Fig. 1. Dimensions of plates used for moditied full Reeve test 
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Miniature Reeve Test 

The miniature Reeve test consisted of two plates of the 
steel under test bolted together with a single bolt. The 
top plate was 3 by |] in. and the bottom plate 4 by 3} 1n., 
both plates being of the same thickness, namely, |, 4 and I in., 
depending upon the thickness of plate tested. A diagram of 


the test is given in Fig. 2. The lower surface of the top plate 
and the upper surface of the bottom plate were surface 


ground, to ensure uniform heat flow conditions in all tests 
The edges of the top plate were machined 

The test plates were tightly bolted together using a 4 in 
diameter mild steel bolt. Anchor welds were made round 
three edges of the top plate as indicated in Fig. 2. Each 
anchor weld consisted of three runs made in the horizontal 
position using a class E.217 electrode, the size of electrode 
and welding current being 6 s.w.g. (210 amps.), 8 s.w.g 
(170 amps.) and 10 s.w.g. (125 amps.) for 1, 4 and } in. thick 
plates respectively. The plates were then allowed to cool 
to room temperature, the clamping bolt tested and any slack 
ness taken up 

Each test assembly was then placed on a cemented asbestos 
board inclined at an angle of 45 deg. to the horizontal and 
held in position by clips, as shown in Fig. 3, for the deposition 


of the test weld 


Determination of Cooling Rates 

Measurements of temperature changes were made on every 
test weld using a chromel-alumel thermocouple inserted 
into the plates under test. It was thought that the best 
position for the measurements of cooling rate would be in 
the heat atfected zone as near as possible to the fusion line 
The hot junction of the thermocouple was, therefore, placed 
in the heat affected zone midway along the horizontal leg 
of the fillet weld and near to the fusion line of the weld 
bead. The distance of the thermocouple from the upper 
surface of the bottom plate, and from the root of the weld 
was determined by measurements made on microsections 
cut from previous experimental fillet welds 

A blind hole was drilled from the underside of the bottom 
plate to accommodate the thermocouple. After drilling to the 
required depth the end of this hole was machined flat by 
means of a specially ground twist drill. In order to increase 
the efficiency of heat transfer to the thermocouple, a small 
dise of soft copper 0-015 in. thick was hammered into the 
end of the thermocouple hole. Thermal contact between the 
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Fig. 2. Dimensions of plates used for miniature Reeve test 
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ind recorded on a strip-chart recorder modified 
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Fig. 4. Method of attaching thermocouple to miniature Reeve 


est. One inch’ thick plate 


Welding Conditions 


Alternating current with an open circuit voltage of 80 volts 
was used for the test welds; the conditions for the tests are 
given in Table IIL. The weldability tests used were the full 
Reeve on | in. thick plate and the miniature Reeve on 1, 

and } in. thick plate 


In most of the tests four gauges of electrode were used 
giving four different fillet sizes with each variation of plate 
thickness. A nominal deposition ratio of 14 in. of electrode 
per | in. of test weld was used, the welds being 6 in. and 
3 in. long respectively for the full and miniature Reeve 
tests. In the miniature Reeve tests on | in. thick plate an 
extra large fillet size was deposited with the 4 s.w.g. electrode 
by using a greater deposition ratio, in addition to the normal 
size fillet, in an attempt to prevent hard zone cracking. Only 
three different fillet sizes were deposited, using the miniature 


Table HL. Welding Conditions for Miniature and Full Reeve Tests 


| Electrode 
« Stee Plate Thickness | 


(Inches) 


it Mn-Mo l | £.217 10 


Reev Mn-Mo } E.217 10 


os 


Reeve Min-M E.317 10 


Reeve Min-M i E.217 10 
10 


Class S.W.g 





Energy Input Approx. Fillet 
Welding Current (Joules in. « 10-4) Size 
(amp.) (Inches) 
127 | 17 3/16 
173 28 } 
210 38 9 32 
295 69 13.32 
124 1S 316 
171 26 j 
206 38 9 32 
300 68 13/32 
310 9 716 
127 18 316 
17? 9§ } 

& = ‘ 
213 40 § 16 
0S 71 13/32 
127 17 316 
172 26 } 
213 40 9/32 
100 70 | 13/32 
117 19 416 
189 29 | 

11 5/32 
19 | 31 
Ta) | } 
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Reove tesi on ¢ in. thick place and one of these wi 
small size made with a 10 s.w.g. electrode. 

The full set of miniature and full Reeve tests was made 
using Mn-Mo steel and a class E.217 electrode and a few extra 
tests were made on the } in. miniature Reeve assembly using 
Mn-Mo steel and class E.317 electrodes and also using a 
carbon manganese steel and E.217 electrodes 

The welding current was measured by means of a current 
transformer and moving iron ammeter, the arc energy being 
measured by a dynamometer type wattmeter 


>» Oe Ota 


Examination of Test Welds 

All tests were left for a week before sectioning after which 
time the test welds were cut out by making cuts parallel to 
the welding direction by means of a power hack-saw. Each 
weld was then sectioned in three places, at the centre and 
1} in. on each side of the centre for the full Reeve tests, 
sections being taken closer together for the miniature Reeve 
test, namely, at the centre and j} in. on each side 

The sections were then micro-polished, etched in a solution 
of 3 per cent. picral with 3 per cent. hydrochloric acid and 
examined microscopically for cracks. The microscopic 
examination was made at a magnification of about 400 
diameters, special attention being paid to the hard zone 
adjacent to the fusion line. Crack lengths were then measured 
on the screen of a projection microscope adjusted to give an 
accurate magnification of 250 diameters, and these lengths 
were reported as a percentage of the total leg length. Hardness 
surveys were made on the centre section from each test weld 
as shown in Fig. 5, with a diamond pyramid indenter and 
10 kg. load 


Results and Discussion 

It was observed with the tests on | in. thick plate that 
the full Reeve test is more severe than the miniature test 
as estimated by the extent of hard zone cracking, this effect 
being shown in Table IV. On plates less than | in. thick this 
effect will be greatly accentuated 

From the results of miniature Reeve tests on § in. thick 
plates it has been shown that the Mn-Mo steel has better 
weldability than the C-Mn steel. This may be due in part to 
the lower hardenability of the Mn-Mo steel, as shown in 
Table V. This result indicates that better weldability is 
obtained in high tensile steels by using alloying elements in 
addition to carbon and manganese, thus enabling the contents 
of carbon and manganese to be reduced. The beneficial effect 
of molybdenum additions in steels of the Mn-Mo type has 
been fully described by Barr4 in a recent paper 

Class E.317 electrodes have given better weldability than 
217 on the Mn-Mo steel. The difference in weldability 
observed between the two types of electrode is quite im- 
portant, and this effect will be dealt with more fully in the 
next report on this investigation. These results are shown 
in Table V together with the data for the miniature Reeve 
tests on }-in plate 


class 
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When these results were obtained it appeared that, whereas 
the miniature Reeve tests probably did not give conditions 
as severe as those obtaining in practice, the full Reeve test 
represented the maximum possible severity. It was agreed 
that the restraint in the full Reeve assembly was likely 
be greater than that present in the miniature test, but at the 


to 


same time the cooling conditions were markedly different at 
lower temperatures. This difference in rate of cooling its seen 
by comparing Figs. 6 and 7, in which the square root of the 
rate the hard zone ts plotted against the 
temperature in that zone for the full and miniature Reeve 
tests on | in. thick plates respectively 
the negligible 
for 


of cooling in 
It was apparent from 
peak 


tests given 


differences in average hardness values 
the miniature and full Reeve Table IV, 
that the rates of cooling at temperatures above 500 deg. ¢ 

were not different for a given fillet size on each type 
of test since it is the cooling rate at these higher temperatures 
which controls the degree of hardening of the steel. The 
fact that the cooling rates in the hard zone for equivalent 
fillet sizes on the miniature and full 


in 


very 


Reeve tests were not 


very different at temperatures over SOO deg. C. was also 
indicated by the form of the square root rate of cooling 
curves shown in Figs. 6 and 7 


It is interesting to note that the square root cooling rate 


curves for the full Reeve test are in fair agreement with a 
theory proposed by Rosenthal’ for heat flow in welds 
Rosenthal considered only the case for a weld with an 


infinite heat sink and assumed a quasi-stationary state around 
the welding arc 


Table I1V.— Hardness and Cracking Data for Miniature and Full Reeve Tests on | in. Plate. Steel Mn-Mo, Electrode Class E.217 
Average Hardness (V.P.N. 10 kg. load) 
Approx. Fillet Size Energy Input an - Hard Zone Cracking 
Test Assembly (Inches) (Joules in. « 10-4) Peak Hard Zone Weld Metal (per cent. leg length) 
a | - 
Modified Full Reeve | 3/16 17 426 69 35 
i 28 419 256 3 
932 38 420 249 2? 
13/32 69 196 24) 24 
Miniature Reeve 316 1S | 431 289 0 
} 26 430 259 37 
| 932 ws 429 254 22 
| 13/32 68 wT sO . 
7/16 79 365 213 borderline 
| 
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into the weld, the remainder being lost by radiation and other 
means. Rosenthal figure of per 
proportion of energy into the weld 
hgure seemed rather and for this ot 
calorimetric out for verification. The 
results of these tests are given in Table VI, and it will be 
that the smaller the electrode the greater the 
proportion the total energy going into the weld; this 
effect is probably due to the increased spatter loss with 
larger rods 


gave a 65 the 


this 


cent. for 
going However, 


low, reason a series 


tests was carried 
observed 


ol 


Table VI. Percentage of Total Heat which goes into the Weld 
Electrode Size (s.w.g.) J,» 100° 
J 
10 && 
s SH 
6 82 
4 19 


*J total energy liberated in the arc in Joules in 


It is also necessary to obtain a value for & in order to 
complete the substitution and this value has been taken as 
0-10 C.G.S. units for the steel used 

The results of the calculated and observed slopes for the 
square root rate curves in the full Reeve test are given in 
Table VII. There is good agreement between the calculated 
and observed values, the greatest difference being only 
9 per cent. on the weld made with the 4 s.w.g. electrode 
This is quite satisfactory since the calorimetric experiments 
showed that the ratio J, J, obtained from a number 
tests with a 4 s.w.g. electrode, was rather variable 

These results indicate that the full Reeve test gives a good 
approximation to an infinite heat sink where metal arc 
welding is concerned, and for this reason the test should 
give thermal conditions as severe as any which may be found 
in practice. 

The results obtained from the miniature Reeve test show 
that unlike the full Reeve test, it does not act as an infinite 
heat sink. This is quite understandable from the size relation- 
ship of the two tests. The difference between the two tests 
from the standpoint of cooling rate at various temperatures 
can be observed from a comparison of Figs. 6 and 7. It was 
thought that the square root rate of cooling curves for the 
miniature Reeve test might conform to the Rosenthal theory 
at high temperatures where the effect of the restricted heat 
sink would not be likely to affect the cooling rate. However, 
in these tests, the method used for measuring temperature 
was not capable of accurately recording fast rates of change, 
and for this reason all readings at temperatures above 
500 deg. C. for the large welds and above 300 deg. C. for the 
small welds were subject to error. Therefore, it was not 
possible to observe the slope of the square root cooling rate 
curves for the miniature Reeve test at high temperatures 

It will be observed from Fig 


ot 


that the general slope 
of the square root cooling rate curves for the miniature 


Table VII. 
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Reeve test is less than that obtained for the full Reeve test 
This difference in slope is due to the restricted heat flow in 
the miniature test. The heat transferred to the 
assembly during the welding process is sufficient to raise 
considerably the temperature of the whole assembly. This 
complete heat saturation of the test assembly is reflected 
in the square root cooling rate curves and is indicated by the 
transition from the general slope to a much steeper slope. 

The steeper slope indicates cooling of the test assembly as 
a whole, mainly by convection, and obeys a fourth root 
relationship with temperature 


energy 


The temperature at which the linear part of the square root 
cooling rate curve would meet the temperature axis may be 
calculated by asing the following equation 


t—t H (5) 
cw 
where / temperature to which the test assembly rises in 
degrees ¢ 
t initial temperature of the assembly in degrees C. 
‘ specific heat of the metal in calories per gram 
“ weight of the test assembly in grams. 


H heat input to the test assembly in calories. 


The calculated and observed values for the rise in tempera- 
ture of the miniature Reeve test are given in Table VIII. It 
will be observed that the calculated values of temperature 
rise are generally higher than the values observed from the 
square root cooling rate curves. This is probably due mainly 
heat by radiation and convection from the test 
assemblies at the higher temperatures. This is substantiated 
by the fact that with higher values of heat input, where the 
temperature rise is greater, the difference between calculated 
and observed values is greater 

The in temperature the miniature Reeve test 
assembly is more pronounced with thinner plates, this effect 
being shown in Figs. 8 and 9 where the deviation from 
linearity of the square root cooling rate curves can be 
observed. Fig. 10 gives square root rate of cooling curves 
for a weld made with an 8 s.w.g. electrode, and this diagram 
indicates that the different temperatures to which the test 
assemblies rise depend on the plate thickness. Also the rates 
of cooling in the 100 deg. C. to 500 deg. C. region vary 
greatly, being much more rapid with the thicker plates. It 
is probable that with |-in. plates the Rosenthal equation 
is never satisfied since saturation of the plate thickness is 
approached while the hard zone is still in the high temperature 
region. It should be noted in Fig. 10 that the energy input 
values are not strictly comparable, and this has altered 
slightly the spacing of the curves; the general relation is, 
however, unchanged 

In order to provide further evidence of the temperature 
rise of the miniature Reeve assemblies, the temperature at 
the edge of the bottom plate remote from the test weld was 
measured in a number of the tests. These temperatures were 
measured at intervals and are shown plotted against the 
temperature in the hard zone in Fig. 11. These curves have 
been extrapolated to meet the ideal cooling curve where the 


to loss of 


rise ot 


Relation between Calculated and Observed Slopes of Square Root Rate of Cooling Curves 


from Full Reeve Tests (Steel Mn-Mo) 


Calculated Slope 


Electrode Type E.217 Size J J J { Observed Slope 
(s.w.g.) (Joules in.) (Joules in.) \ 67k , taking k - 0-10) 
10 17,000 15,000 47 47 
8 28,000 24,000 60 57 
6 38,000 31,000 68 69 
4 69,000 55,000 91 100 
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Fig. 11. Detern re rise for miniature Reeve 
test nbly on plates. Mn-Mo steel 
E.217 


Electrodes class 


Table VIIE. Calculated and Observed Values for 


Temperature Rise 
of Miniature Reeve Test on n. Mn-Mo Steel 


Heat Int lculated Temperature Observed Temperature from Sq. Root 
Cooling Rate Curve 


PSO0.000 
188,000 
93.000 
67 000 
39 000 


perature below which 
Cooling Rate will be 


itfected (deg. C.) 
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whole assembly cools as a single mass. The point of inter 


section of these curves gives the average temperature rise 
of the assembly .n each test. These values for temperature 
rise are in agreement with those observed from the square 


root cooling rate curves produced to cut the temperature 


axis, shown in Fig. 8 These values are given in Table IX 
for comparison 
The background temperature curves are of further use 


since they show when the restricted size of heat sink ts liable 
to effect the cooling rate in the hard zone. Thus, the tempera 
ture of the hard zone at which the background temperature 
begins to rise gives an indication of the temperature below 
which the rate of cooling in the hard zone is liable to be 
affected and these values are also given in Table IX 

As a result of these experiments it was decided to in 
vestigate the possibility of increasing the thermal severity 
of the Miniature Reeve test by increasing the available heat 
sink, this being done in an effort to bring the test into line 
with conditions occurring in an actual structure. It 
also decided to reduce the thermal severity of the full Reeve 
test by insulating it from the base plate, to bring the test 
more into line with the majority 


Was 


of structural These 
further experiments are described in the next part of this 
report 


pornts 


MODIFICATIONS OF RESTRAINED TESTS TO ALTER 
THERMAL CONDITIONS 


The Insulated Modified Full Reeve Test 

The insulated modified full Reeve test assembly was similar 
to the modified Reeve test described in a Previous section 
of this report, except that a cemented asbestos board was 
inserted between the bottom and base plates, the test plates 
being of the thick Mn-Mo steel. The asbestos board was 
3 16 in. thick and was firmly held between the two steel plates 
by means of the usual clamping bolts. This modification was 
made in order to remove the infinite heat sink, and at the 
same time retain the external restraint imposed by the rigid 
base plate. Anchor welds were made as described in a previous 
section of this report 


Modification 1 of the Miniature Reeve Test 

The first modification of the miniature Reeve 
made by bolting a flat bar 4 ft. by 3 in. by } in. made of 
mild steel to the under side of the standard test assembly 
\ 4 in. length at the centre of the upper surface of the bar 
was surface ground and a 9 16 in. hole was drilled in this 
portion of the bar to take the clamping bolt, a photograph 
of the whole assembly being shown in Fig. 12. This moditica- 
tion of the miniature Reeve test ensured that an adequate 
heat sink was available, and also that heat flow to this sink 
was restricted by the plate section of the base plate which 
was made similar to that of the test plates. This restriction 
of heat flow was thought to be necessary in order to simulate 
conditions structure. The whole assembly 
could be supported fer welding in the horizontal position 
or at 45 to the horizontal by 
attached to the ends of the bar 

The test plates were tightly bolted to the base plate, using 
a $in. diameter mild bolt. Anchor welds were then 
made in the horizontal position along three sides of the top 
plate using an 8 s.w.g. class E.217 electrode. Only one thick- 
ness of the Mn-Mo steel plate was used for these tests, 
namely, $ in 


test was 


occurring in a 


deg means of special feet 


steel 


Modification 2 of the Miniature Reeve Test 

When experiments were made on the first modification 
the miniature Reeve test it found that bowing 
upwards of the edges of the bottom plate during welding 
impaired the thermal contact between the bottom plate and 
the base plate. In the second modification this bowing of the 


of was 
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Fig. 12. Moditication 1. Miniature Reeve test in § in. thick plate 





Fig. 13. 


Modification 2. Miniature Reeve test in 4 in. thick plate 


bottom plate was prevented by four 4 in. diameter bolts 
These bolts passed through clearance holes in the base plate 
and were screwed into tapped holes in the bottom plate 
The proportions of the heat sink were reduced in this 
instance, since it was found that the bar used in modification 1 
was The dimensions of the base plate 
in this case were 12 by 4 by } in. A 4 in. length at the centre 
of this plate was surface ground to ensure good thermal 
contact with the bottom plate. A view of the whole test 
13, and it will be seen that feet 
have again been fitted to fix its position for welding 

The test plates were tightly bolted to the base plate with 
the five 4 in. diameter bolts, and anchor welds were made 
as previously described for the first modification, } in. thick 
Mn-Mo steel being used for the test plates. 


unnecessarily long 


assembly is shown in Fig 
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heat sink with the unmodified test becomes more pronounced 
the greater the heat input 

The incidence of hard zone cracking and the degree of 
hardening in the heat affected zone for the tests are given in 
Table XI. It will be observed that a considerable increase in 
the amount of hard zone cracking has been obtained in 
tests using modification | with very little change in hardening 
of the heat affected zone 


Although the tests carried out on modification | of the 
miniature Reeve test gave faster cooling rates and greater 
amounts of hard zone cracking than the unmodified test, 
the new assembly was not satisfactory due to bowing upwards 
of the edges of the bottom plate. This bowing caused the area 
of contact between the bottom and base plates to be restricted 
to the part of the plates immediately surrounding the bolt 
hole. In view of the unsatisfactory nature of the thermal 
contact between the bottom and base plates in this modifica- 
tion, it was thought that reproducible conditions of heat flow 
would not be obtained from test to test. For this reason 
modification 2 was made, which ensured complete thermal 
contact between bottom plate and base plate 


> 


The test made on modification 2 of the miniature Reeve 
test showed that although a much smaller base plate was 
used, faster cooling rates were obtained and the amount 
of hard zone cracking was increased compared with tests 
on modification 1. The results of hardness tests and examina- 
tion for cracks on the test with modification 2 are given in 
Table XI, and it will be observed that, despite a considerable 
increase in hard zone cracking compared with the standard 
test, there has been no corresponding increase in hardening 
in the heat affected zone. The square root cooling rate curve 
for the test on modification 2 is shown in Fig. 16, where it is 
compared with curves from the standard and modification | 
tests. These curves indicate that there is a considerable 
difference in cooling rate at low temperatures between the 
three tests, which proves the inadequacy of the thermal 
contact in the modification | test 


SUMMARY OF RESULTS 

The results have indicated that it is possible to obtain 
weldability tests with thermal severities lying between those 
obtained with the full and miniature Reeve tests. However, 
of the weldability tests so far made, the most satisfactory one 
is the insulated full Reeve test. The modification of the 
miniature Reeve test showed that a base plate could not be 
fitted to the miniature Reeve test to give satisfactory thermal 
contact with the bottom plate unless a very special clamping 
method was used. This method of clamping by means of 
four extra bolts was considered to be too complicated from 
the point of view of a practical test. It would, therefore, 
appear that further research is necessary if a small weldability 


Table XI. Hardness and Cracking 
Steel Mn-Mo, f 


Plate Approximate 

Test Assembly Thickness Fillet Size 

(Inches) (Inches) 
Insulated Modified Full Reeve | 316 

: 
5 16 
13 32 
Modification | Miniature Reeve 

5 16 
716 
Modification 2 Miniature Reeve j 5 16 
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Fig. 16. Square root cooling rate curves for modifications of 
niature Reeve test on in. thick plates, Mn-Mo Steel 
6 S.W.6. Electrodes class E.217 


test with an adequate heat sink is to be developed. Mean- 
while, it appears that the insulated modified Reeve test will 
give results which are comparable to those obtaining in a 
Structural joint when equivalent plate thickness is used 


The relative effects of external restraint, rate of cooling 
and heat affected zone hardness on hard zone cracking remain 
to be elucidated although some interesting results have been 
obtained relating to rate of cooling and developed hardness 
in the hard zone. It has been observed in the experiments 
with the miniature Reeve test and its various modifications 
that there was very little difference between tests from the 
standpoint of developed hardness in the hard zone. This 
indicates that rates of cooling at the higher temperatures are 
substantially the same. However, low temperature (< 400 
deg. ©.) cooling rates and the susceptibility to hard zone 
cracking were both markedly increased in the modified tests 
These differences are shown in Table XII from which it can 
be inferred that, with the miniature Reeve test and modifica 
tion |, the cooling rate at low temperatures has a greater 
effect on hard zone crack initiation than the rate at high 
temperatures 

It will be observed from Table XII that there was a greater 
amount of the hard zone cracking in the modification 2 
test than in the modification | test. This could be explained 
by an increase in the cooling rate at lower temperatures, but 
in this instance there was also a difference in the degree of 


Data for Modifications of Reeve Tests 
lectrodes Type E. 217 


Average Peak Average Weld Hard Zone 


Energy Input Hardness in Metal Hardness Cracking 
(Joules 10%) Hard Zone (V.PLN (Per cent 
(V.P.N 10 kg. load) Leg Length) 


10 kg. load) 





18 473 2 3] 
29 470 273 19 
43 418 +<7 aa 
63 38] 238 12 
29 403 269 23 
44 394 255 i4 
75 323 213 Nil 


4? 3197 235 19 
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lable X11 


Cracking u 
Hard Zone 
(per cent.) 


Nil 
I4 


19 


{ 


nade with a base plate bolted to the standard 
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itive effect 
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bE .217 electrodes 
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THE WELDABILITY AWD WELD STRENGTH 


OF SOME WAGVESIUM 
SHEET MATERIALS 


By J. G. BaLt,* B.Sc., A.I.M., and A. E. L. 


SYNOPSIS 


The weldability and mechanical properties of certain 
magnesium base alloy sheet materials have been determined 
for oxy-acetylene and argonare hand welding. After some 
preliminary investigations it was found necessary to devise 
a simple jig for testing weldability under the severe conditions 
of restraint which frequently develop in practice 

The alloys examined consisted of three binary magnesium 
alloys with aluminium contents up to 8 per cent., two ternary 
alloys with aluminium and zinc, four alloys with manganese 
and small additions of calcium, two alloys with cerium and 
manganese and two magnesium-zine-zirconium alloys. The 
binary 7 per cent. aluminium alloy appeared to have the best 
combination of weldability and mechanical properties 

Small amounts of calcium and cerium were found to have 
a deleterious effect on the weldability of the magnesium- 
manganese alloys 

The magnesium-zine-zirconium alloys 23Z and ZWI1 
were found to be weldable by the argon are process, although 
Z3Z was somewhat less weldable than ZWI 


INTRODUCTION 

The object of the work to be described was the determina- 
uon of the weldability and weld strength of magnesium alloys 
in the form of rolled sheet. During the war the use of 
magnesium alloy sheet for welded structures was mainly 
contined to the binary magnesium-manganese alloy AMS503 
which was easily rolled and welded, but had low strength 
Investigations at the National Physical Laboratory! eliminated 
the difficulties of rolling high strength magnesium-aluminium 
alloys, and it was obvious that a strong alloy of this class, 
if weldable, might find many applications. Early work 
consisted of some simple exploratory weld tests on short 
panels cut from hot rolled sheet of various compositions in 
which aluminium was the principal alloying element. Later the 
tests, which were all carried out by Westland Aircraft Ltd., 
were extended to relatively long seam welds of 36 to 42 ins 
in length on selected material both free and under partial 
restraint. 


* Metallurgy Division, Atomic Energy Research Establishment, 
Harwell, formerly Senior Metallurgist, British Welding Research 
Association, London 

¢t Metallurgy Division, 


dington. 


National Physical Laboratory, Ted- 


ALLOY 


This report was first issued to members of the 
British Welding 


confidential document early in 1951. 


Research Association as a 


TATE,+ A.I.M. 


The relative weldability under considerable restraint of the 
various alloys had still to be determined and the subsequent 
work carried out as a the 
British Welding Research National 


Physical Laboratory 


was research by 


and the 


co-operative 
Association 


EARLY EXPLORATORY WORK 
Short Seams 

In this work the effect of aluminium additions with a vary 
ing manganese content was mainly investigated, and in 
addition some alloys containing aluminium and zine of the 
AZ31 and AZM type were also examined 


of the materials is given in Table I 


The composition 
Tests were made on small 
panels cut from annealed hot rolled sheets 
about 12 in 


The seams were 
in length and were gas welded without restraint, 


using a filler rod cut from the parent metal. All the materials 


welded satisfactorily and the welder stated that he was unable 
to place them in any specific order of ease of welding. Tensile 
tests were made on the materials before and after welding 


and the results of these tests are also given in Table I. The 
welds were not trimmed before testing 

It is apparent that the presence of manganese and zinc 
in the alloys was of no consequence either on the weldability 
or weld strength be generalised by 
that within the limitations of the tests magnesium-aluminium 


alloys containing up to Y per cent 


The results may saying 
of aluminium can be gas 
welded satisfactorily to give weld strengths superior to those 
obtained from the 


AMS03 


binary magnesium-manganese alloy 


Long Seams 
An alloy sheet material containing 
for 


of aluminium 
free and 


7 per cent 
both under 
The materials were hot rolled sheets 42 and 
36 ins. in length and 0-09 in 
tudinally 


was examined welding behaviour 
partial restraint 
thick which were sawn longi 
giving panels about 6 in. in width 
were then welded using filler rods about | in 
the sheet. A high-pressure torch was used and the seams made 
without tacking. Welding was commenced 1} in. from one 


edge working rightwards to the edge, the seam then being 


These panels 
wide cut from 


completed in a single run 
the rod 


except for slight pauses to flux 
restarting at the original starting point and carrying 
on to the remote edge. In the case of the weld under restraint 


a wooden backing block was used and the sheet cramped 
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Table | 


Mechanical Tests or 


Eflect of 
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Effect of varying 
ninium with ‘ 


Minn and Zn 


Effect of 
tions to 


constant Mr 


Aluminium addi 
AM.503 of 


ntent 
conte! 


Effect of 


tions 


Aluminiun 
with 
O-S per cent 


more 


Mr 


Effect of Aluminiun 


with ) 
0-5 per cent. Mn present 


addi 


trons less ti 


Ant 


Etlect of varying 
9 per cent. Alun 


N.P.I 


Tests 


as shown in 4 ptto 316 to be 


nation showed the general qu 


in. Was tound 
satistactory ality 
of the wel Sfactory with no signs of cracking 
Tensile t e on the welded sheets to examine 

Strength 2 and the 
relative position of { test 


t lengths cut from the sheets and 


the uniformity of the Figs 3 show 


their tensile propertic 


The tests show that while the parent 
reasonably uniform throughout its length, in the 


material is 


RESI 


Annealed 


{ROH 


Farly Explor 


N.P.I 


Tests 
Litimate Stress Elongation per cent 

Direction Tons per sq. on 2 in 

Long 


Trans 


+0 
110 


I Ong 
Trans 


40 
10-7 


Long 
Trans 


10:7 
14-2 


Long 


Trans 


Long 
Trans 


Long 
Trans 


Long 
Trans 


Long 


Trans 


Long 
Trans 


Long 
Trans 


Long 
Trans 
300 deg ¢ Long 


Trans 


Long 
Trans 


Long 
Trans 


150 deg. ¢ 


Long 


Trans 


Lony 
Trans 


ealed 300 dex. ¢ 
Wn 


Long 
Trans 


Long 
Trans 


Long 
Trans 


Long 
Trans 


Mean of di 


welded state the uniformity of the weld strength along the 
length is not so good. In the case of the sheet welded free, the 
proot stress measured in specimens which included the weld, 
varied between 6:6 to 9-8, the ultimate stress between 15-6 to 
and the elongation between 3 to 10 per 
In the sheet welded under restraint the respective ranges 

| to 8&7 proof stress, 11-7 to 17-6 ultimate stress. 


and 1:8 to 


18-6 tons per sq.in., 
cent 
were 6 


7 per cent. elongation 
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Table I.— Early Exploratory Work-—Continued 
Mechanical Tests on Magnesium Alloy Sheets Before and After Welding Short Seam Panels 
Westland Aircraft Tests 
Unwelded Test Piece Welded Test Piece 
No 
O-l per cent Ultimate Elongation Ol per cent UL ltumate Elongation 
Direction Proot Stress Stress per cent. or Director Proot Stress Stress per cent. on 
Tons per sq.in. Tonspersq.in 1 in Tons per sq Tons per sq.in lin 
l Long 673 11-41 SO Long a8 YI 60 
Trans )33 15-88 x0 Trans 3-42 S84 5-0 
" 3 Long 11-41 17-78 11-0 Long 8-9? 16-5 90 
Trans 13-23 17:99 10-0 Trans 7-8Y 18-12 60 
4 Long 7 17:12 90 Le 68 11-86* 5-0 
Trans 11-94 18-68 13-0 Trans y11 16-4 50 
5 Long 11-42 17°42 70 Long »23 14:77 40 
Trans 12:24 17-62 60 I s 12.44 17-62 50 
6 Long ia | 13.0 8-0 Long 683 949 +0 
Trans Ihe 17:78 12.0 Trans } 10-1 3-0 
7 Long 8-74 14.56 0 Long 5-76 9-89 $0 
Trans 1031 16-71 13-0 Trans 6-74 10-53 40 
8 Long 10-08 18-93 60 Long 65 12-6 0 
Trans 11-93 17:7 90 Trans ?-é 12-07 $0 
9 Long 11-09 16:68 7-0 Long 8-07 12-65 5-0 
Trans 13:51 17-93 13-0 Trans 83 11:77 +0 
10 Long 947 16°15 8-0 Long -Ol 12-92 +0 
Trans 13-31 18-4 10-0 Trans 881 13-04 50 
11 Long 10-61 16°75 9-0 Long 7-S§ 11:29 40 
Trans 12-46 17-87 140 Trans 7-§2 12:63 40 
12 Long 11-09 17-18 8-0 Long 688 13-2 50 
Trans 12-21 17-67 10-0 Trans 842 11-92 3-0 
13 Long 10-46 16:46 70 Long x 7¢ 14:06 | 60 
Trans 11:74 17-25 8-0 Trans »22 12-68 60 
14 Long 10:7 16:89 5-0 Long 8° SY 1201 30 
Trans 11-57 16-95 60 Trans 10-05 13-75 40 
1S Long 10°37 16:8 9-0 Long 32 12:78 50 
Trans 11-42 16°48 8-0 Trans 8-38 13-61 60 
16 Long 9-97 16:33 R-4) Long R95 13-93 70 
Trans 10-4 16:79 9-0 Trans +0 15:23 60 
17 Long 12:45 19-31 90 Long 18-02 3-0 
Trans 20-05 10:0 Trans 20°28 90 
Is Long 11-93 19-28 10-0 Long 16°76 +9 
Trans 13-05 19-8 12.0 Trans 12-63 19-28 10-0 
19 Long 11-87 17:57 &-0 Long 917) 13-5 ) 5-0 
4107.10 5-95 11-44 
gq?! 14-88 

Trans 13-32 18-63 10-0 Trans 8-78 &-S9* 40 
20 Long 12-55 18 60 Long &-§ 13-59 40 
Trans 13-32 17-85 50 Trans 10°57 15-89 60 


Westland Aircraft Tests 


Conclusions from Exploratory Work 

The main conclusion to be drawn from the early work was 
that small panels of magnesium-aluminium alloy sheet 
materials containing up to 9 per cent. of aluminium could 
be welded satisfactorily without restraint. The weld strength 
improves with aluminium content up to about 6 per cent 


Mean of triplicate tests 


* Fractures away from weld 


aluminium. Material containing 7 per cent. of aluminium 

which was considered to be the practical limit of aluminium 
could also be welded in relatively 
partial restraint 


content 
both free and 
weld examined 


long seams 
In the long seam 
the weld strength was good but varied some- 
what along the length of the seam 


under 
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1 2 IS iSj Proof stress — 20-44 | 
; } & 13 14 164 tons per 22 0, tons per 10-§ per cent 
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DETERMINATION OF WELDABILITY 


Problems Involved in the Determination of Weldability 

In this part of the investigation, observations have been 
made of the ease of welding, but greatest attention has been 
given to the tendency to crack. This can be measured 
accurately, but the ease of welding must be assessed by 
personal judgment 

To discriminate easily between sheet which was prone to 
crack and sheet which was readily weldable, a jig designed 
by Essex Aero Ltd., described by Winter? and illustrated in 
Fig. 4, was already in use by industry. This test required 
lengthy preparation and it was difficult to make the test 
weld. In addition this jig requires a greater width of sheet 
material than could be produced satisfactorily in the National 
Physical Laboratory mill for the work. The development 
of a test which was more easily manipulated and suitable for 
specimens which could be cut from sheet of maximum 
available width of 104 in. was therefore considered. At the 
same time it was necessary for the test to incorporate the stress 
characteristics of the Essex Aero Ltd. jig which had been 
found to give results in close agreement with those obtained 
in practice. In consequence the Essex Aero jig was used 
in the present investigation for setting useful standards of 
severity and discrimination to be arrived at in devising a 
new weldability test 


Design of a Suitable Test 

It seemed likely that the severity of test described by 
Winter was due to the fact that contractional stress would 
be set up in two directions—radial and circumferential 
Practical experience, and a few tests,* showed that cracking 
was less severe when the sheets were restrained only trans- 
versely to the weld 

To overcome the welding difficulties inherent in any 
circular test, a test was required with a short straight weld, 
which retained the advantages of bi-axial restraint. This 
was done by gripping two sheets side by side in a strong 
rectangular steel frame 

In early experiments it was found that with smooth milled 
surfaces the sheets being welded could slip however tightly 
the jig was bolted together. Further experiments showed that 
this could be overcome by using gripping steel surfaces like 
those cf a cross-cut file 

In the first jig, the central gap of the steel frame was too 
narrow. This resulted in a severe loss of heat by conduction 
to the steel jig and an abnormally large welding nozzle had to 
be used. It is interesting to note that this effect was more 
marked with the magnesium-manganese alloys than with the 
magnesium-aluminium alloys. The effect has been ascribed 
to the difference in therma! conductivity of the two types 
of materials. Average valucs of thermal conductivity from 
data quoted by Beck (Technology of Magnesium and its 
Alloys) are 0°33 C.G.S. units gor the magnesium-manganese 
alloys and 0-17 C.G.S. units for the magnesium-aluminium 
alloys . 

An attempt was made to reduce the heat loss to the jig by 


Singer and Jennings’ have described a jig which has been 
used successfully for aluminium-base alloys but which rigidly 
restrains the sheets in only one direction. It was thought that it 
would be interesting to compare the gas welding behaviour of the 
series Of magnesium base alloys in the jig developed by Singer 
and in the B.W.R.A. jig. The alloys chosen for test were AZM 
(DTD 118), MKP, Downmetal MA and 23Z. (See Table HL.) 

With the exception of the magnesium-zinc-zirconium (232) 
alloys no cracks were formed. In the magnesium-zince-zirconium 
alloy there was partial cracking for about 40 per cent. of the test 
weld length. Comparison with the results on these alloys obtained 
in the B.W.R.A. jig indicates that the Singer jig is less severe 
It should be noted that in the Singer jig there is no possibility 
of the sheet slipping which indicates therefore, that the increased 
severity of the B.W_R.A. jig is due to the development of a bi-axial 
system of stresses 
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Fig. 4. Jig assembly for Essex Aero test 


inserting insulating materials between the sheets and the 
Stee! plates, but it was concluded that it would be more 
satisfactory to increase the distance between the test weld 
and the edge of the central gap 


Description of Test Assembly 

The jig which has been used throughout these investigations 
incorporates the above principles and consists of two 
alloy steel plates 10 in. by 14 in., each with a central gap 
4 in. wide and 10 in. long, having semicircular ends. The 
} in. and | in 
thick, the latter containing fixed studs for clamping together 


upper and lower plates are respectively 


the plates. A dimensioned drawing of the jig is given in Fig. § 
The sheet to be welded is clamped firmly between the two 
plates. The inside surfaces of the plates of the jig are prepared 
as previously described to prevent slipping of the test sheets 
The test weld is made between two pieces of sheet each 
the gap between them being 

measured accurately by a feeler gauge during assembly 


measuring 14 in. by 6 tn., 


After the first test weld has been made, it can be cut out and 
the position of the sheets reversed so that a second test 
weld can be made on the same pair of sheets (this is described 
in greater detail in the section on experimental procedure) 
Fig. 6 shows the jig assembled and one of the test sheets 
being titted over the studs 


Correlation of Results with Practice 

As a result of practical experience during the war, it was 
found that the results from the Essex Aero circular patch 
test could be used directly to predict practical behaviour 
If, therefore, correlation could be obtained between the results 
of a new test and results from the circular patch test, it 
could reasonably be assumed that the new test would also 
be giving results comparable with those obtained in practice 
This criterion was adopted and the test results, given in 
Table Il, indicate that the new test and the circular patch 
tests are about equally severe 

The advantage of the new test is that the preparation of 
the plates is more simple and it is easier to make the test weld 

It will be noted that two circular patch tests were made 
on material of the width supplied by the National Physical 
Laboratory. To make this possible the width of the sheet 
was increased by welding additional pieces to either side of 
the central panel. While this procedure made it possible to 
obtain a test result, it is obviously inconvenient for general use 
Materials 

Ingots of alloys M7A, M8A, AZ31, AZM were supplied 
by Magnesium Elektron Ltd. and rolled at the National 
Physical Laboratory. Sheet materials of alloys MSA, Z3Z, 





Table I 


» KY 
et 


t 


A 
. 


ae 


. tae | 
4 


' 4 See a4 
exrematrase ce cae fpecee ees 
. — ws 


t | 


+ 


Experimental Procedure 
Pre 


“st 


¢ 
a 


: 
t 


ayy tps tf} 


CK 


Ippi 
the 
Shich 
Tes 


oOsit 


WELDING 


C orrelatior 


Designation or 
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AMSO3 
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MA 

Dowmetal MA 
MKS 


BWRA 
Essex Aero Ltd 
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and Essex Aero Weldability Tests 


B.W.R.A, Jig Essex Aero Jig 


No crackingt 
racking ) per cent. junction cracking* 


junction cracking* 
junction crackingt 
Extensive but incomplete cracking} 


4 per cent 
16 per 


per cent 


obtained 


conditions 


inder the 
preliminary 


ever 


ot 


B.W.R.A. weldability test, partly assembled 


hig shows that with the sheet sizes given above, two 


welding tests can be made. The holes in the sheets are so 
arranged that after making a test between the edges CD 
and EF the weld can be cut out and the sheets reversed for 
a second test to be made between the edges AB and GH 

In most of the gas welding tests a gap width of 0-030 in 
was used and this was set by a feeler gauge. In some instances 
smaller gaps were or the 
details being given in Table IV 

bor 


used sheets were close-butted, 


argonare welding most of the tests were made with 


the sheets close-butted as in normal practice 


Oxy-Ace Welding In accordance with 
normal for 14 or sheet a B.O.C. No. 3 
used, a pressure of 2 Ibs. per sq.in. being used 
for both the oxygen and the acetylene. Retaining this standard 
procedure for 


the speed 


tvlene 


Technique 


practice 16 s.w.g 


nozzle was 


all alloys, there was still some variation in 
of welding, but this was rarely outside the range 
of normal practice. B.O.C, Magnotectic flux, made up as a 
water paste, was applied to the filler wire and to the underside 
of the sheets to be welded 


irgonarc Welding Technique Arc welding equipment, 
with apparatus for superimposing a high frequency current, 
was used, the diameter of the tungsten electrode being ¢ in 
for all the tests. The flow of argon was adjusted to 3 litres 
per minute. Current and voltage settings for the individual 
tests are reported in Table IV and varied between 60 to 
120 volts, 38 to 85 amps 

Test Welds 


cracks visually 


Examination of The tests welds were 
and under a binocular micro- 
20 magnifications. Three types of cracking 


were observed, and in practice one or more of these types 


examined for 


scope up to 
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Table II. Composition of Magnes 


Designation or 


Code Marking 


< 


Alloy Type 


A731 

MSA! 
AZM 
MTA 
MSA 


Magnesium-aluminium and magnes 


aluminium-zine alloys (14G. sheet) 


AMSO3 
MPY2* (Dowmetal MA) 
MKP* 

MKS* 


Magnesium-manganese alloys with calcium 


(16G. sheet) 


(4G 237 


Z7Wi 


Magnes alloys 


sheet) 


n-zine-Zirconium 


Magnesium-manganese-cerium alloys 14G AM S37 
sheet) 
Mader and Laves alloy 


Filler rods were cut from parent metal 
the filler rods were cut from the main sheet on a 1 
Commercially made sheets 
+ Nominal contents 
Calcium determinations kindly made by the B 
The code for alloys of this composition has bee 





To ensure a 
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Alloy Sheets Investigated in Jig Tests 
Zr 


per cent 


( 
per cent 


Ce 
per cent 


a 


0-004 


0-003 
0-004 
0-005 


1-05 


iniform, rectangular section 


g 


ing machine 


N.F.M.R.A 
{ 


n changed by the manufacturers from 73Z to ZW3 


Fig. 7 (/eft) 


Jo THOU GAP 





t 
j ~ SeTmetn Aares Drawing of plates 


for B.W._R.A. jig 














al is 
could occur in a single test weki: 

Junction cracks—formed in the fusion zone between the 

weld bead and the parent plate. 

Weld cracks—-formed in the weld metal in the direction of 

welding and usually in the centre of the weld bead 

Crater cracks formed at the end of the weld and consisting 

either of a single crack or of several cracks spreading 

radially from the centre of the end pool 
Weld cracks and crater cracks can usually 
the naked eye, but junction cracks can 
be detected under the microscope. Where there was any doubt 
about junction cracks, sections were prepared and examined 
microscopically. 

For each test weld a section paraliel to the surface of the 
sheet was etched as it was known from the work of Pendleton 
that excessive grain growth in the parent metal could best be 
detected in this way. 


he with 


sometimes 


seen 


only 


Results 

The experimental results are described under the headings 
of the alloy types given in Table III, while the complete 
results, together with the appropriate test conditions, are set 
out in Table IV 

The more localised heating obtained with argonare welding 
gives greater penetration and permits close-butting of the 
the small gap. Most of the 
tests been made with 


sheets or use of a 


argonarc 


welding have therefore the sheets 


The reduced cracking obtained with argonarc 


Ww 


close-butted 
welding is partly due to close-butting since in tests 38, 
and 40 (Table IV) junction cracking increases with an 
increase in gap width. Further, test Nos. 28 and 29 and test 
Nos. 36 and in Table IV, show that with gas welding the 
same obtained. Unfortunately it difficult to 
maintain good penetration with gas welding if the gap 
width is small. 


3 


effect is 1S 
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Table IN Weldat sts on Magnesiu 


Weld Crack 
ind Crate 
Cracking 

Crater cracki 
None 


None* 


C rater crack 


None 





Some weld cracking 


ind crater cracking 


None 


Slight weld cracking 
Very = slight rater 


cracking 


None 


Slight weld cracking 
Crater cracking 


Crater cracking 
Some weld cracking 


Severe weld cracking 





Some weld cracking 


Severe weld cracking 
Some weld cracking 


Crater cracking only 


Slight crater cracking 
Shaht crater cracking 
Slight weld cracking 
Crater cracking 
None 

Slight crater cracking 
Slight weld cracking 
None 


Nor 


two other similar te Insufficient 
t certarr ete cracking 
the early assembles 
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No cases of excessive grain growth in the parent metal 
were observed. The grain size of the weld metal is discussed 


in the appropriate sections on the various types of alloy 


Magnesium-Aluminium and Magnesium-Aluminium-Zince 
Alloys of the DID 120 Type 
Oxy-Acetylene In this group alloys of 
various aluminium contents were tested. In most of these 
tests there was crater cracking which seems to be character 


Welding five 


istic of the alloys containing aluminium, apparently increasing 
with increasing aluminium content or in the presence of 


zinc, There was a tendency for the crater cracking to extend 
into the weld with the alloys of higher aluminium content 
A typical crater crack is shown in Fig. & 


Fig. 8. Crater,cracking in AZM alloy. ( 


Fig. 10. Junction cracking in Mg-Mn alloy (0-09 per cent. Ca) 


(x 12) 


RESEARCH 2Ir 

It was found that crater cracking in the AZM and M7A 
alloys could be eliminated either by feeding the end pool 
running into a tack at the end of a test weld. The 
results of this series of experiments are given in Table IN 
under Test Nos. 7, 8, 9, 11 and 12. In practice feeding the 
pool can be achieved by withdrawing the filler rod and 
flame slowly to avoid a shallow crater 

Some work by 


by 


or 


end 


Pendleton? had shown that in some cases 
welding over tack welds caused excessive grain growth and 
there was a possibility of cracking in the region of the tack 
No such effect was found in the present work on two of the 
alloys, where four equally spaced tacks were made outside 
the jig before testing. (See Tests 9 and 12, Table IV.) 
Junction cracking found in the alloys containing 
8 per cent. aluminium and 6 per cent. aluminium-! per cent 
zinc, but in the latter alloy it occurred in only one of the 
two As there was no junction cracking in the alloys 
containing § and 7 per cent. aluminium, it appears that the 
zine to these alloys increases the tendency 
Figs. 11 and 12 illustrate the microstructures of the 
plate metal and weld metal respectively in the magnesium 
6 per aluminium-! per zine (AZM), and 
Figs. 13 and 14 show the corresponding structures for the 
magnesium-7 per cent. aluminium alloy (M7A). It be 
that the grain size of the parent metal small, 
and while it was difficult to etch the grain structure of the 


was 


tests 


addition of 


crack 


to 


cent cent alloy 
will 
seen is very 
weld metal, the grain size is evidently greater than that of the 


sheet. The disparity in grain size between weld metal and 
sheet is generally less with the magnesium-aluminium alloys 
than with the magnesium-manganese alloys 

Welding 
when any of the alloys of this group ts argonare welded in the 
(Tests Nos. 15 to 26 inclusive, Table IV.) 


{rgonar< No junction or crater cracking occurs 


test jig 


Magnesium-Manganese Alloys of the DTD 118 Type 

In general, the magnesium-manganese alloys are the most 
easily welded by gas and argonare and the least prone to 
either crater or junction cracking. This general finding is in 
agreement both with experience in practice and with results 
from the Essex Aero circular patch test 

With the magnesium-manganese type alloys, the weld bead 
usually meets the plate at a sharp angle (see Fig. 9), whereas 
with the magnesium-aluminium alloys the weld fuses to the 
plate metal with a smooth contour 
due the marked difference 
extended in the aluminium 
magnesium-manganese alloys 


This difference is probably 
freezing range, which is 
and short in 


to in 


alloys very the 


Magnesium-Manganese Alloys Containing Calcium 
Oxy-Acetylene Welding. Practical experience 
with the Essex Aero jig has shown that if calcium is present 


ot tests 
in sufficient quantities, it will cause cracking during welding 
with the magnesium-manganese in the present 
investigations most of been carried out 
alloys containing from 0-09 per cent. calcium to 0-19 per cent 


alloys 
the tests have on 
calcium, and it has been found that cracking occurs with gas 
welding inall of these alloys. At the higher calcium contents 
observed, and Fig. 9 severe 
junction cracking tn the alloy containing 0-14 per cent. calcium 
(MKP alloy). The test from which this sample was taken 
was made with one of the early experimental jigs { 


the cracks are easily shows 


ntortun 
ately there was not enough sheet material remaining to make 
a further test in the final jig, but there is no reasen to suppose 
that would be different. With 0-09 per cent 
calcium content, cracking is less easily observed and with a 
inspection the might be considered 
However, the cracks can be readily observed at low magnifica- 
tion, and Fig. 10 shows a typical crack obtained with the 
alloy containing 6-09 per cent. calcium (Dowrmetal MA) 


the behaviour 


casual weld sound 
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AZM alloy. Etched in 
1. ( 100) 


v4, 
cy 


% 


‘ ¥. 


¥ 

+ 

a 
* 


AZM alloy. Etched 
acid. ( 100) 


nd to penetrate about one-quarter of 
eet. One of the alloys tested contained 
timated to be less than O-OL per cent.) 
cking was observed 
foregoing tests were made with a gap width of 0-030 in 
ide on the alloy containing 0-09 per cent 
plates were close butted. It was found 
racking was entirely eliminated it was 
normal penetration. On the other 
ip (0-030 in.) considerable cracking 
nt. of the weld length) 
of the parent metal and the weld 
anwanese allov (AMS503) contain 
(Ol per cent) are shown tn Figs. 18 
will be noted from Table HIE that 
IS More Manganese (2°43 per cent.) 
this group. Figs. 17 and 18 show 
metal respectively of the alloy 
ium (MKP alloy) 
vonarc welding tests on the 
(AMS03) again showed no 
) this case slight crater cracking 
is made on the alloy containing 
with the plates close-butted, and 
found in the weld metal the junction 
WAS CrACK-TPres 
Magnesium-Zince-Zirconium Alloys (737 and ZW1) 
Orv-Acetvler MN ’ Although the manutacturers 


lO Not recommen 


xy-acetylene welding of these alloys, 
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ructure in M7A. Etched in 1 per cent. oxalic acid 
{ 100) 


BoA 
PCRS oi 


Fig. 14. Weld structure in M7A. Etched in 1 per cent. oxalic 
acid. ( « 100) 


Waie 


i number of tests have been made with the alloy Z3Z 
containing 3 per cent. zinc and 0-6 per cent. zirconium 
Using oxy-acetylene welding, the alloy is liable to severe 
cracking when the sheets are restrained by welding in the 
jz. Tests made in the jig have shown complete separation 
of the plates by cracking, which occurs both in the weld and 
along the junction. With no gap between the plates, cracking 
was much less, but the penetration was poor, and severe 
buckling occurred. A gap of about 0-030 in. facilitates 
penetration 

Figs. 19 and 20 show the microstructures of the plate 
metal and the weld metal respectively of the magnesium-zinc- 
zirconium alloy. With this alloy the grain size of the weld 
metal is unusually small. Fig. 19 shows the plate structure 
to be heavily worked although the alloy was supplied in the 
hot-rolled condition 

In view of the heavily worked structure of the plate metal, 
tests have been made on the material after annealing for 
four hours at 310 deg. C. This treatment did not reduce the 
tendency to crack 

frgonarc Welding. With argonarc welding and using a 
gap of 0-030 in. between the plates, complete cracking 
occurred along the junction, together with some weld 
cracking in the 232 alloy. It was found that the cracking 
diminished as the gap between the plates was reduced. As 
may be seen from test 39, Table IV, with a gap of 0-010 in 
junction cracking was reduced to 8 per cent., though weld 
cracking was still severe. With no gap between the plates, 
and using filler rods of the same composition as the parent 
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ig. 18. Plate structure in Mg-Mn alloy (0-01 per cent 


Etched in | per cent. oxalic acid. (100) 


16. Weld Me-Mn 


Etched in | per cent 


hig. structure in alloy (O-O1 per 


oxalic acid. (— 100) 


Fig. 17. Plate structure in Mg-Mn alloy (0-14 per cent. Ca) 


Etched in | per cent. oxalic acid. ( - 100) 


metal, junction cracking was eliminated, and weld cracking 
was limited to the crater at the end of the weld. No test was 
carried out on the Z3Z alloy using the special filler rod 
described below 


The ZWI alloy has been welded without junction cracking 
with a gap of 0-020 in. between the plates using the argonarc 


process and a special filler rod (Z2Z2C filler containing 
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Mz- Mp alloy (0:14 per cent 


oxalic acid. ( © LOO) 


wcture in 232 


> per cent 


illoy (0-6 per cent 


nital. ¢- 1Q0) 


Weld structur 


per cent 


Fig. 20 732 alloy 


oxalic acid. | 


Zr) 


(O06 per cent 
Etched in 1 100) 
2 per cent. zinc, 24 per cent. cadmium and 0:5 zirconium) 
Slight crater cracking was obtained, but it should be possible 
to 


technique 


overcome this defect by a suitable weld-terminating 
to that Figs. 21 
structures of the plate metal and weld 
metal respectively. The plate metal has a typically worked 
As with the Z3Z the weld metal 


unusually small grain size 


similar described previously 


, 


and 22 show the 


structure alloy, has an 
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Maynesium-Vlanganese Alloys containing Cerium and 
Aluminium 
It Is 


form ot 


well known that 
Mischmetall) 


mproves 


the 
the to a 
its) mechanical 
the creep strength and eclonga 

were available in 


\MS37 


cerium in 


Germany 

Mader and 
these 
but 


Laves 
allovs induces 
that the 


aluminium improved 


restraint, claimed 
per cent 
uning trom 0-2 
Mader 


the 


to O-3 per cent 
and 


c work of Laves on 


ecasons tor improvement in 


cernum alloys the cerium 
eMyg vhich 


hor 


OCCUFS 


after overheating, ts 


indaries where fracture ts 


sses. associated 


lecrease 


with welding 


( the 


amount ot 


Structure, CeAl, being tormed 


distributed throughout the 
to 


of CeMgy, 


The amount of 


erent aluminium present 


larmtul amounts 
ated alu 
than that 
because, according 


much 

x CeAl 

esium-aluminium solid solution 
e CeAl 


contirmed 


greater 


by the present series 
tound tt 


hat an alloy of the Elektron 
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AM537. Etched in | per cent. oxalic 


SOLAS 
yy te 


re ; eer ie 


Weld structure in AMS37. Etched in 1 per cent. oxalic 
acid. ( » 100) 


big. 24. 


\MS537 type containing 06 per cent. cerium (added as 
Mischmetall) cracked completely along the weld junction 
(tovether with slight weld cracking in the crater) in the 
BW.RLA The addition of | per cent. aluminium to 
this alloy was found to eliminate cracking, thus substantiating 
the claim for the beneticial effect of aluminium on_ the 
welding of magnesium-cerium-manganese alloys made by 
Mader and Laves 23 and 24 show the microstructure 
of the sheet and weld metal respectively for the Elektron 
\M537 type alloy, and Figs 


microstructures the 


test 


bigs 
25 and 26 are the corresponding 


for alloy containing aluminium. In 


both alloys the grain size of the weld metal is much greater 


than that of the sheet. It will be seen that the addition of 
iluminium to the magnesium-manganese alloys has little 
effect on the grain size of the weld metal. The grain boundaries 
the { 


{ weld 


0 metal in the aluminium-containing alloys are 
much more trregular than those in the Elektron AM537 type 
alloy. In addition grain boundaries are thinner and 
these two observations are consistent with suggestions put 
forward by Mader and Laves to explain the improvement 
due to aluminium 

Welding.—With argonare welding, cerium is not 
so deleterious as with gas welding, although there was slight 
weld cracking. As before, no cracking of any kind was 
found in the cerium alloy containing added aluminium. 


these 


{rgonaré 


DETERMINATION OF MECHANICAL PROPERTIES 
Tensile tests were made on the sheet materials in the hot- 
rolled condition and on specimens after welding. Owing to 
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Table V.- Tensile Properties of Magnesium 
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Tons per 


‘ n 


4 Mn 
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Mez-Mn (2 
AMSO3 


Mg-Mn-Cat (1-5Mn, 0:09 Ca) 

MPY2 (Dowmetal MA) 

Al (Mader and Laves) 
2 Al) 


0-5 Ce, | 


Me-Mn-Ce 
(1-05 Mn 
illoy 


Mader and Laves ; 
Mg-Mn-Ce (1°53 Mn, 0:5 Ce) 


\MS37 


Trans 


Long 


Mg-Al (8 Al) 


Mg-Al-Zn (3-5 Al, 1 Zn) 


AZ31 


Mg-Al-Zn (6 Al, 1 Zn) 


AZM 


Mg-Zn-Zrt (3 Zn, 0-6 Zr) 


232 


Mg-Zn-Zrt (1:25 Zn, 0-8 Zr) 


ZW! 
1? 
Pe 
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Sheet material supplied by ind 
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Broke in weld metal 
1 entails drawing a line parallel to the entire straight 
roof load ts parallel thereto 


. 
Method 
Method B entails obtaining an unloading line and drawing a line par 
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ire in Mader 
10 per cent acid. ( 


Laves alloy. Etched 


100) 


maximum amount of calctum which can be permitted without 
incurring the danger of cracking in gas welding has not been 
detined but the it be than 


accurately, tests show to less 


0-O9 per cent 

$4. The addition of 0:52 per cent. cerium to an alloy of the 
DTD 18 type induces severe cracking in the weld junction 
with gas but not with The addition of 


welding argonare 


1-2 per cent. aluminium to the alloy eliminates the tendency 
to cracking and thus substantiates the claim made by Mader 
ind | 


s 


Ves 
In general, junction and crater cracking are less severe 
with argonare welding than with gas welding. This ts partly 
due to the use of a smaller gap between the test sheets which 
When the sheets 
are close butted, the tendency to cracking is reduced, but with 
gas welding it is difficult to obtain penetration with close 


is favourable to the use of argonare welding 


butting 


6 on cut from welded panels 


(but not welded under severe conditions of restraint) indicate 
that the alloy containing 7 per cent. of aluminium has the 
best combination of weldability and weld strength 


Tensile tests specimens 


ACKNOWLEDGMENTS 
acknowledgment Dr. K. Winterton 
M. Cottrell who participated equally with the 


Particular is due to 
and Mr. C, I 
authors in the work on weldability which was carried out in 
the laboratories of the British Welding Research Association 

The mechanical made in the 
Division, National Physical Laboratory, except where stated 
otherwise. Magnesium Elektron Ltd. supplied some of the 
ingots and also sheet material of alloys Z3Z and ZW1. The 
circular patch test jig was loaned by Essex Aero Ltd., and 
determinations of the calcium of some of the alloys 
made by B.N.F.M.R.A 


Acknowledgment 


tests were Engineering 


were 


s also made to Mr. F. C. Dowding, 
formerly of the Westland Aircraft Co. Ltd., for assistance in 
and to Dr. I A. Fox, late of the B.W.R.A., 

H. M. Jenkins of the National Physical 


their advice and encouragement 


| 
Nv 


work 
Dr. ¢ 


Laboratory for 


the ear 


and to 


REFERENCES 
Ir Metals 
an Re 


71-92 (1950) 


6, pp 


rate. &. i d r vol 
Winter, D 
$4 (1) 946 
SINGER 


pn. 197 
pp. 19 


© and 
ew and 


\ ind JenNin« 


R 
1946) 
S/n 


PENDLETON, J Metal I 28-1636 
1948) 
MAbDER 
Also R.1 


MAP 


15 147 


(1943) 


issued 


vol 


HELLeDOREN, J, 


Laves, I tli 
No 204 


2249) 


H.. and 
Pp 


miniuaen, 


by 


p 
translation 














A VEW DOUBLE-FILLET TEST FOR 
HOT-CRACKING 


By E.G. P. Hinps, B.A, 


SYNOPSIS 


The new 


suscepubi 


which it 1 n vided t ! ki th mM nih 


test has been found useful for research purposes, both 


the grading of electrodes and tor testing given plate clec 


combinations. It is emphasised that this short report 


no sense a specification tor a workshop hot-cracking 
though it may well form the basis of such a spect 
when more experience has been gained 


INTRODUCTION 

developed 
fillet 
two plates arranged in the 
The welds are then examined 


The new double-tillet as Deen from the 


well-known T-test. In the test, two welds are laid 


iccessively on either side of 


form of an inverted T-joint 


or evidence of cracking 


Although this test is widely used, its application ts strictly 
detection of really bad and the 
for a more severe test which will 
The new test which 
than the 


limited to the electrodes, 


1 has theretore 
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s considerably 
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INTERPRETATION OF RESULTS AND DISCUSSION 
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